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1.  Introduction: 

Due  to  the  absence  of  energy-momentum  dispersion  relation  in  III-V 
semiconductor  quantum  dots,  the  intersubband  transition  selection  rules  that  govern  the 
electron-photon  interaction  are  irrelevant.  Thus,  unlike  the  selection  rules  associated  with 
the  intersubband  transitions  in  n-type  multiple  quantum  wells,  the  photons  can  be 
absorbed  at  any  light  incident  angles  by  the  electrons  that  undergo  intersubband 
transitions  in  multiple  quantum  dots.  This  feature  is  one  of  the  main  attractions  of  the 
multiple  quantum  dots  as  infrared  detectors,  since  a  metallic  grading  layer  is  not  required, 
which  leads  to  a  more  simple  device  fabrications. 

Another  attractive  feature  of  the  quantum  dots  is  that  doping  is  not  required.  For 
an  equilibrium  steady-state  condition,  such  as  optical  absorption  measurements,  the 
Fermi  energy  should  be  above  the  ground  bound  state  in  the  quantum  dots.  Doping  in 
this  case  is  required  in  order  to  observe  the  intersubband  transition.  On  the  other  hand, 
doping  of  quantum  dots  is  not  required  for  the  nonequilibrium  conditions,  such  as 
photoconductivity  measurements  under  the  influence  of  a  bias  voltage.  For  the 
nonequilibrium  measurements,  quantum  dots  are  populated  by  the  charge  carriers  that  are 
generated  from  the  contact  layers  and  swept  under  the  influence  of  the  bias  voltage. 

Furthermore,  quantum  dots  possess  a  longer  lifetime  of  the  excited  carriers  due  to 
the  phonon  bottle-neck  effect.  In  order  for  the  quantum  dot  devices  to  replace  those  based 
on  quantum  wells,  they  need  to  have  better  performance  and  perhaps  more 
functionalities.  Long  wavelength  infrared  detectors  based  on  intersubband  transitions 
have  been  sought  for  their  use  in  space-based  focal  plane  arrays  where  radiation  effects 
may  drastically  affect  the  device  performance.  Investigation  of  radiation  effects  on 
quantum  wells  and  dots  is  also  important  from  the  semiconductor  processing  point  of 
view.  Many  device  processing  steps  rely  on  the  exposure  to  a  variety  of  particles  with 
energy  ranging  from  a  few  eV  to  several  MeV.  Thus,  investigating  radiation  effects  on 
the  intersubband  transitions  in  quantum  dots  is  important  for  both  device  processing  and 
performance  in  harsh  environments,  such  as  space. 

Several  tasks  were  conducted  and  some  of  the  results  are  summarized  in  the 
following  sections. 

2.  Broad-band  photoresponse  from  InAs  quantum  dots  embedded  into  InGaAs 
graded  well 

A  broad-band  photoresponse  is  obtained  from  undoped  InAs  multiple  quantum 
dots  grown  by  the  molecular  beam  epitaxy  (MBE)  technique  on  a  (100)  GaAs  substrate. 
The  quantum  dots  were  embedded  in  an  InxGauxAs  graded  well  where  the  In  mole 
fraction  is  chosen  in  the  range  of  0.3  >  x  >  0.0.  The  photoresponse  of  the  reversed  biased 
device,  obtained  at  80.5  K  and  using  the  normal  incident  configuration,  was  found  to 
span  the  spectral  range  of  3.5  -9.5  pm.  While  the  photoresponse  is  significantly  high 
under  the  influence  of  the  reverse  bias  voltage,  the  forward  bias  photoresponse  is  found 
to  be  negligible. 

In  this  section,  we  report  on  a  new  broad-band  photoresponse  results  obtained 
from  InAs  quantum  dots  embedded  into  InGaAs  graded  well  long  wavelength  infrared 
photodetector.  The  broad-band  behavior  is  important  features  for  certain  applications, 
such  as  hyperspectral  and  ultra-hyperspectral  long  wavelength  infrared  sensors. 
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The  sample  grown  for  the  present  investigation  is  an  n-i-n  structure,  which  is 
deposited  on  a  (100)  semi-insulating  GaAs  substrate.  A  buffer  layer  made  of  n-type  0.5 
pm  GaAs:Si  with  [Si]=1.0xl0'*cm'^  and  0.3  pm  GaAs:Si  with  [Si]=1.0xl0'’cm'^  is 
grown  at  the  surface  of  the  substrate.  2.2  monolayers  (ML)  of  InAs  quantum  dots  were 
grown  using  Stranski-Krastanov  mode  followed  by  the  growth  of  a  20  ML  graded  lOvGa/. 
;tAs  well,  where  x  is  varied  between  0.3  down  to  zero.  A  180  ML  GaAs  layer  is  then 
grown  on  top  of  the  graded  well  to  form  the  barrier.  The  InAs/  InvGa/.;(As/GaAs  structure 
is  grown  at  520  °C  and  repeated  ten  times  to  increase  the  optical  path  length.  The  cap 
layer  is  made  of  0.4  pm  GaAs:Si,  where  [Si]=1.0xl0'^cm'^  followed  by  0.2  pm  GaAs:Si 
where  [Si]=1.0xl0'*cm'^.  The  buffer  layer  was  grown  at  580  °C  while  the  cap  layer  was 
grown  at  520  °C.  The  transformation  from  two-dimensional  to  three-dimensional  growth 
mode  was  monitored  by  using  in-situ  reflection  high-energy  electron  diffraction.  Both  the 
buffer  layer  and  cap  layers  were  used  as  contact  layers.  The  quantum  dot  density  was 
estimated  from  Scanning  Tunneling  Microscopy  images  to  be  on  the  order  of  3.0x1 0'**cm' 
The  average  planar  area  of  the  quantum  dots  is  ~30nm  x  30nm  and  the  average  height 
of  the  dots  is  ~  13.5  nm.  Mesa  structures  on  the  order  of  400pm  x  400pm  were  fabricated 
using  wet-etching  and  photolithography  techniques.  Gold-germanium  alloy  metallization 
pads  were  deposited  on  the  mesas  for  wire  bonding.  For  a  comparison  reason,  two  InAs 
quantum  dot  samples  where  grown.  The  structures  of  these  two  samples  are  exactly  the 
same  as  the  sample  described  above  except  one  sample  is  embedded  in  20  ML 
Ino.3Gao.7As  quantum  well  and  the  second  sample  was  grown  without  any  quantum  wells. 
For  simplicity,  the  samples  are  referred  to  as  InAs  dot-graded  well,  InAs  dot-well,  and 
InAs  dot.  The  conduction  bands  of  the  three  samples  are  sketched  as  the  insets  in  Fig.  1. 


Wave  number  (cm  ') 


Fig.  1.  Photoresponse  spectra 
measured  at  80. 5 K  for  three  dijferent 
InAs  quantum  dot  structures  under 
the  influence  of  reverse  bias 
voltages.  The  spectra  were  obtained 
for  (a)  InAs  quantum  dots  embedded 
into  InGaAs  graded  well  device,  (b) 
InAs  quantum  dots  embedded  into 
InojGao.vAs  quantum  well  device 
(x50),  (c)  InAs  quantum  dots  device 
(x30),  and  (d)  InAs  quantum  dots 
embedded  into  InGaAs  graded  well 
device  with  a  forward  bias  voltage  of 
+4.0V.  The  vertical  arrows  indicate 
dips  that  are  due  to  the  absorption 
from  the  beam-splitter.  The  insets 
are  sketches  of  the  conduction  bands 
of  the  three  devices. 


The  photoresponse  measurements  were  made  using  a  BOMEM  Fourier-transform 
infrared  spectrometer  in  conjunction  with  a  continuous  flow  cryostat.  A  low-noise 
current  preamplifier  Stanford  Research  System  Model  SR570  was  interfaced  with  the 
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spectrometer.  The  preamplifier  was  used  to  both  provide  a  bias  voltage  and  to  amplify 
the  device  output  photocurrent.  The  measurements  were  made  in  the  normal  incident 
configuration.  The  dark  current  measurements  were  made  at  77K  using  Keithley  4200- 
SCS  Semiconductor  Characterization  System. 

The  photoresponse  spectra  shown  in  Fig.  1  were  recorded  at  80.5  K.  Spectrum  (a) 
is  obtained  for  the  InAs  dot-graded  well  sample  under  the  influence  of  a  reverse  bias 
voltage  of  -3.5V.  Spectra  (b)  and  (c)  were  obtained  for  the  InAs  dot-well  and  the  InAs 
dot  samples,  respectively.  The  reverse  bias  voltage  of  these  two  samples  is  indicated  in 
the  insets.  Spectrum  (d)  represents  the  photoresponse  of  the  InAs  dot-graded  well 
samples  under  the  influence  of  the  forward  bias  voltage  of  +4.0  V.  It  is  clear  from  this 
spectrum  that  a  photoresponse  is  absent.  The  dips  in  the  spectra  that  are  indicated  by  the 
vertical  arrows  are  due  to  the  absorption  by  the  KBr  beam-splitter.  Spectrum  (a)  exhibits 
a  rich  structure,  which  is  repeatable  from  device  to  device  fabricated  from  the  same  wafer 
and  from  run  to  run.  This  spectrum  covers  the  spectral  range  of  3.5  -9.5  pm  with  a 
maximum  intensity  at  about  5.5  pm.  For  a  comparison  reason,  the  photoresponse  of  the 
InAs  dot-well  and  InAs  dot  devices  were  multiplied  by  30  and  50,  respectively.  Since  the 
light  source  used  in  the  spectrometer  is  not  calibrated,  the  unit  of  the  photoresponse  is 
taken  as  an  arbitrary  unit.  With  a  calibrated  light  source,  one  can  obtain  the  responsivity, 
which  is  a  figure  of  merit  in  units  of  A/W.  An  accurate  estimate  of  another  figure  of 
merit,  the  detectivity,  in  this  case  was  difficult  to  obtain  since  the  power  of  the  light 
source  was  too  weak  to  measure.  However,  if  one  uses  the  following  expression  for  n- 
type  quantum  well  infrared  photodetectors 

D*  =1.1x10"  e^  '*^*^*  cm^/Hz/ IT  (1) 

where  Ec  is  the  cutoff  energy,  k  is  Boltzmann  constant,  and  T  is  temperature,  then  the 
detectivity  is  calculated  to  be  on  the  order  of  1.34xl0'°  citin/Hz/IT.  This  value  is 
obtained  for  7’=80.5K  and  £(,=  130.5  meV  (9.5  pm).  Notice  that  the  empirical  expression 
of  D*  given  by  (1)  depends  solely  on  the  temperature  and  the  cut-off  energy.  It  may  not 
be  applicable  to  quantum  dot  detectors,  but  it  is  useful  for  comparison  when  the  light 
source  is  not  calibrated. 

A  remarkable  feature  of  the  photoresponse  shown  in  Fig.  1  is  the  broad  feature  of 
the  photoresponse  obtained  for  the  InAs-graded  well  sample  where  the  full  width  at  half 

maximum  spans  ~  4  pm  and  A^/X,  ~  0.7.  The  broad 
band  behavior  is  an  important  feature  for  certain 
applications,  such  as  hyperspectral  and  ultra- 
hyperspectral  long  wavelength  infrared  sensors. 


Fig.  2.  A  sketch  of  the  conduction  band  of  the  InAs  dot- 
graded  well  structure  is  shown  at  (a)  zero  bias,  (b)  forward 
bias,  and  (c)  reverse  bias.  Several  energy  levels  are 
indicated.  The  vertical  arrows  represent  the  transitions  fron\ 
the  ground  to  the  excited  states  due  to  the  photon  absorption. 
The  horizontal  arrows  represent  the  transport  of  the 
photoexcited  carriers. 
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Dark  Current  (A) 


The  quantum  dot  structure  of  the  In  As  dot-graded  well  used  in  the  present 
investigation  is  designed  such  that  the  InAs  quantum  dots  are  embedded  in  graded 
InGaAs  quantum  wells  to  produce  InAs/lnGaAs/GaAs  quantum  dot  structures  as  shown 
in  Fig.  2  (a).  The  photoresponse  spectra  (d)  and  (a)  shown  in  Fig.  1,  can  be  explained  by 
examining  the  conduction  band  structure  sketched  in  Fig.  2  (b)  and  (c)  for  applied 
forward  and  reverse  bias  voltage,  respectively.  Several  energy  levels  are  also  shown  in 
this  figure.  When  a  forward  bias  voltage  is  applied,  the  conduction  band  alignment  takes 
the  shape  shown  in  Fig.  2  (b).  The  quantized  energy  levels  are  still  bound  and  the 
photoexcited  carriers  need  to  tunnel  through  the  barrier  in  order  for  them  to  contribute  to 
the  photocurrent  and  photoresponse  of  the  detector.  Experimentally,  a  photoresponse 
under  the  influence  of  the  forward  bias  voltage  is  found  to  be  below  the  detection  level 
and  could  not  be  observed  [see  Fig.  1  spectrum  (d)].  This  model  suggests  that  a  low 
tunneling  probability  due  to  the  thick  barrier  is  the  reason  for  the  absence  of  the 
photoresponse.  When  the  sample  is  reversed  biased,  the  excited  states  are  resonant  in  the 
continuum  as  shown  in  Fig.  2  (c)  and  the  measured  photoresponse  is  quite  strong  as 
shown  in  Fig.  1  spectrum  (a).  This  is  due  to  the  fact  that  the  photoexcited  charge  carriers 
(depicted  by  the  vertical  arrows)  are  swept  under  the  influence  of  the  reverse  bias  voltage 
without  encountering  any  barriers  as  indicated  by  the  horizontal  arrows.  Thus,  the  rich 
structure  observed  in  Fig.  1  spectrum  (a)  is  due  to  various  transitions  from  the  ground 
state  to  the  excited  states. 

The  dark  currents  of  the  InAs  dot,  InAs  dot-graded  well,  and  InAs  dot-well 
samples  were  measured  at  77K  and  plotted  in  Fig.  3  as  curves  (a),  (b),  and  (c), 
respectively.  For  high  reverse  bias  voltages,  the  dark  currents  of  the  InAs  dot  and  InAs 
dot-well  samples  are  higher  than  that  of  the  InAs  dot-graded  well  sample.  The 
implication  of  this  observation  is  that  devices  frorn  the  InAs  dot  and  InAs  dot-well 
samples  operate  at  lower  reverse  bias  voltages. 


Fig.  3.  The  dark  currents  of 
photodetector  devices  measured  at  77  K 
as  a  function  of  the  bias  voltage.  The 
curves  are  obtained  for  (a)  InAs  quantum 
dots  device,  (b)  for  the  InAs  quantum 
dots  embedded  into  InGaAs  graded  well 
device,  and  (c)  is  recorded  for  an  InAs 
quantum  dots  embedded  into  InojGaojAs 
quantum  well  device. 


In  conclusion,  a  normal 
incident  broad  band  photoresponse 
was  measured  for  InAs  quantum  dots 
embedded  in  a  graded  InxGaj.xAs 
quantum  well  with  GaAs  barriers. 


The  photoresponse  is  observed  only  when  the  sample  is  reverse-biased.  The  forward-bias 
configuration  did  not  yield  a  measurable  signal.  The  rich  structure  observed  in  the 
photoresponse  is  attributed  to  the  electronic  transitions  between  the  ground  states  and 
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several  excited  states.  The  absence  of  the  photoresponse  under  the  forward  bias  voltage 
is  explained  by  a  model  where  the  excited  states  remain  bound  and  the  electron  tunneling 
probability  is  too  small. 

3.  Intersubband  Transitions  in  InQ^Gag^jAs/GaAs  Multiple  Quantum  Dots  of 
Varying  Dot-Sizes 

We  investigate  the  optical  absorption  spectra  of  intersubband  transitions  in 
Inj,  3Gap  ^As/GaAs  multiple  quantum  dots  (MQDs)  grown  by  molecular  beam  epitaxy.  By 
varying  the  number  of  IOqjGUq^As  monolayers  deposited,  a  series  of  samples  with 
varying  dot  sizes  ranging  from  10-50  monolayers  were  obtained.  The  quantum  dots 
grown  with  size  less  than  1 5  monolayers  or  more  than  50  monolayers  did  not  yield  any 
observable  measurements  of  intersubband  transition.  This  suggests  that  there  exist  a 
critical  upper  and  lower  limit  of  In^jGap^As  quantum  dots  for  infrared  detectors.  A 

wavelength  range  of  8.60  -  13.70  pm  is  achieved  for  structures  grown  with  the  above 
monolayers  range.  The  theoretical  line-shape  of  the  intersubband  transition  absorption 
was  compared  to  the  experimental  measurements.  From  the  lineshape,  it  was  deduced 
that  bound-to-continuum  transition  is  present  in  thick  quantum  dots  and  bound-to-bound 
transition  is  present  in  thinly  grown  quantum  dots. 

The  most  extensively  used  material  systems  for  infrared  imaging  is  the  II- VI 
semiconductor,  HgCdTe.  Although  this  material  possesses  a  very  high  quantum 
efficiency  and  detectivity,  it  suffers  from  manufacturing  related  problems.  Apart  from 
being  difficult  to  grow  and  process,  the  material  itself  is  very  costly  compared  to  the  111- 
V  semiconductors.  The  technology  for  producing  HgCdTe  detectors  is  not  yet  mature 
enough  to  achieve  uniformity  over  large  areas  and  allow  for  reliable  reproduction.  These 
obstacles  lead  to  low  yields  and  high  detector  costs. 

These  disadvantages  lead  many  researchers  to  seek  out  an  alternative  solution 
which  eventually  lead  to  the  birth  of  the  quantum  well  infrared  photodetector  (QWIP). 
Quantum  well  infrared  photodetectors  are  designed  from  wide  bandgap  (Ill-V) 
semiconductor  materials  in  such  a  way  where  quantum  confinement  is  created.  Unlike 
HgCdTe  which  utilizes  electronic  transitions  across  the  fundamental  bandgap,  QWIPs 
relies  on  transitions  between  two  or  more  bound  energy  levels  within  quantum  wells. 
This  extends  the  range  of  infrared  sensing  to  the  far  infrared.  The  material  growth  and 
fabrication  technology  of  III-V  based  devices  are  more  attainable  as  compared  to  these 
based  on  Il-Vl  group.  However,  the  QWIP  has  several  limitations  such  as  the 
insensitivity  to  normal  incidence  radiation.  Photons  incident  normal  to  the  structure  are 
not  absorbed  due  to  selection  rules  associated  with  intersubband  transitions.  Special 
grating  layers  must  be  etched  onto  the  top  contact  layer  of  the  structure  to  scatter  incident 
photons  at  an  angle  into  the  structure. 

In  recent  years,  a  more  novel  structure  based  on  quantum  dots  has  shown  a 
reasonable  success  for  infrared  detection.  One  of  the  main  attractions  for  quantum  dots 
based  detectors  is  their  intrinsic  ability  to  absorb  light  at  the  normal  incidence.  Sensitivity 
at  the  normal  incidence  would  simplify  device  fabrication  and  reduces  costs.  This 
technology  is  still  at  its  infancy  and  thus  merits  further  investigation.  In  this  article,  we 
report  on  the  optical  absorption  of  intersubband  transitions  in  In^^^Ga^^As  /GaAs  multiple 

quantum  dots.  The  peak  position  energy  and  intensity  of  these  transitions  were 
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investigated  as  a  function  of  monolayers  of  Inp^Ga^^As  quantum  dots.  The  optical 

absorption  measurements  were  performed  in  the  waveguide  configuration. 

The  quantum  dot  structures  were  grown  by  molecular-beam-epitaxy  (MBE)  using 
Stranski-Krastanow  growth  mode  on  semi-insulating  GaAs  (100)  substrates.  After 
loading  the  substrate  in  the  MBE  growth  chamber,  the  substrate  was  heated  to  600°C  in 
As  atmosphere  to  allow  the  desorption  of  the  oxide  layer.  During  the  MBE  growth,  the 
As  beam  equivalent  pressure  was  kept  constant  at  1x10'^  Torr  for  all  samples. 
Subsequently,  a  0.5  pm  Si-doped  GaAs  buffer  layer,  which  also  serves  as  a  contact  layer, 
was  deposited  at  the  above  mentioned  substrate  temperature.  The  substrate  was  then 
cooled  down  to  500°C  and  30  periods  of  In^j  ^Ga^^As/GaAs  quantum  dots  were  grown. 

The  growth  was  monitored  by  an  in  situ  reflection  high-energy  electron 
diffraction  (RHEED).  A  0.5  pm  Si-doped  GaAs  contact  layer  was  deposited  at  the  top  of 
the  structure  after  increasing  the  substrate  temperature  to  580°C.  A  series  of  sample  with 
different  InjjjGap.^As  thicknesses  ranging  from  15-50  monolayers  were  grown.  The 

transition  from  a  layer-by-layer  growth  mode  to  three-dimensional  islanding  occurs  at  10 
monolayers  of  InQjGap.^As  as  judged  from  the  point  at  which  the  RHEED  patterns 

transformed  from  being  streaky  to  spotty.  The  In^^Ga^^As  quantum  dots  were  doped 
with  [Si]~l  xio”  cm'^,  while  the  buffer  and  cap  layers  were  doped  with  [Si]~l  xlo'*cm'^. 

The  thickness  of  the  GaAs  barrier  layer  was  120  monolayers  for  all  samples.  The 
structure  is  schematically  shown  in  Fig.  1. 

The  samples  were  placed  in  a  continuous  flow  cryostat  and  characterized  using  a 
Bomem  DAS  Fourier  Transform  Infrared  (FTIR)  Spectrometer.  The  measurements  were 
performed  in  the  waveguide  configuration.  This  configuration  allows  the  light  to  make 
multiple  passes  through  the  sample  which  increases  the  net  intersubband  absorption 
significantly  and  permits  accurate  analysis  of  the  results  [Fig.  2(a)].  The  waveguide 
geometry  was  fabricated  by  cutting  the  samples  into  sizes  of  2.5mm  x  7mm  x  0.6mm 
with  the  beveled  facet  being  polished  at  a  45°  angle.  A  scanning  electron  microscope 
(SEM)  image  of  the  waveguide  is  depicted  in  Fig.  2(b).  The  optical  absorption  spectra 
were  measured  at  room  temperature  and  at  liquid  nitrogen  temperature  (77K). 


^  30  periods 


Fig.  1.  A  schematics  of 
In^  yis/GaAs  multiple 

quantum  dot  structures 
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a) 


Fig.  2.  a)  A  scanning  electron  microscope  image  of  a  sample  cut  and  polished  into 
waveguide  geometry  and  b)  light  enters  through  the  face  at  a  45°  angle  and  makes 
several  passes  through  the  sample  before  exiting. 

A  wavelength  range  of  8.60  -  13.70  gm  is  achieved  for  structures  grown  ranging 
from  1 5  to  50  MLs  of  In^  ^Ga^  ^As/GaAs  multiple  quantum  dots.  The  optical  absorption 

spectra  of  the  intersubband  transitions  for  seven  samples  are  shown  in  Fig.  3.  It  is  noted 
that  as  the  monolayers  of  deposited  In^  ^Ga^  .^As  increased,  the  peak  position  wavelengths 
of  the  intersubband  transitions  is  red-shifted.  The  experimental  measurements  were  then 
compared  with  the  theoretical  results.  In  our  case,  the  intersubband  transitions  shown  in 
Fig.  4  have  a  finite  width;  this  implies  that  there  is  a  distribution  of  different  dot  sizes  in 
the  quantum  dot  layers  in  addition  to  other  broadening  mechanisms  such  as  phonon 
broadening. 

The  line  shape  of  the  optical  absorption  spectra  of  samples  ranging  from  20  -  50  MLs 
takes  the  form  of  a  Lorentzian  function.  This  suggests  that  the  transition  is  a  bound-to- 
bound  transition  depicted  in  Figure  4(a)  where  Eo  and  E|  are  the  ground  and  excited 
states,  respectively.  The  sample  with  15  MLs  of  In^^Gap^As  [spectrum  (a)  in  Fig.  3]  was 
found  not  to  possess  a  Lorentzian  line  shape.  Instead,  its  line  shape  is  asymmetrical  and 
resembles  those  observed  in  bound-to-continuum  transitions  [depicted  in  Fig.  4(b)]  in 
multiple  quantum  wells.  A  bound-to-continuum  transition  occurs  when  the  electrons  are 
excited  from  the  ground  state,  Eo,  to  the  first  excited  state  depicted  as  Ei  which  resides  in 
\\;ivcki.,i;ih  (1.1.1  p  the  continuum  of  the  conduction 

band. 


Fig.  3.  Optical  absorption  spectra  of  the 
intersubband  transitions  for  seven 
samples  grown  with  different  quantum 
dot  sizes  measured  at  77K.  The 
theoretical  curves  are  shown  in  dotted 
lines. 
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(a) 


(b) 


Fig.  4.  Schematics  of  bound  states  in  the  quantum  dots  shown  as  Eo  and  E/.  (a)  A  bound- 
to  bound  transition  and  (b)  a  bound-to-continuum  transition. 

Fig.  5.  The  peak  position  of  the 
intersubband  transitions  measured  at 
77 K  plotted  as  a  function  of  the  number 
of  In^fJOgyAs  MLs  deposited.  The 
dotted  line  is  drawn  to  demonstrate  the 
linearity. 

The  wavelengths  associated 
with  the  peak  positions  of  the 
intersubband  transition  spectra  were 
found  to  increase  linearly  as  the 
number  of  deposited  In^  jGa^  ^As 
MLs  are  increased  as  shown  in  Fig. 
5.  The  intensity  of  the  intersubband 
transitions  obtained  from  integrating  the  area  under  the  curve  is  shown  to  decrease  as  the 
quantum  dot  size  increased.  This  result  is  shown  in  Table  I.  The  decreased  intensity  could 
be  due  to  the  introduction  of  dislocations  that  causes  degradation  at  the  interface  as  well 
as  degradation  in  the  quantum  dots  themselves. 

In  addition  to  the  optical  absorption,  photoluminescence  (PL)  measurements  were 
obtained  for  a  few  multiple  quantum  dot  samples.  The  PL  peak  position  is  shown  in  Fig. 
6  as  a  function  of  deposited  InQ3Gag.^As  MLs.  The  spectra  were  measured  at  77K  with  a 
532  nm  high  power  green  laser  having  an  excitation  power  of  25  mW.  As  expected,  the 
PL  intensity  is  relatively  weaker  in  the  sample  having  its  excited  state  residing  in  the 
continuum  [Fig.  6(a)]  than  the  samples  with  bound  excited  states  [Fig.  6(b)  and  (c)].  The 
narrow  spectral  width  of  samples  (a)  -  (c)  in  Fig.  6  indicates  the  high  uniformity  of  the 
quantum  dots. 

It  is  noted  that  samples  larger  than  30  MLs  did  not  yield  any  observable 
photoluminescence  from  the  quantum  dots.  Peaks  observed  at  ~1 1,500  cm  '  in  the 
samples  with  25  MLs  and  30  MLs  [Fig.  6(c)  and  (d)]  comes  from  the  two-dimensional 
“wetting  layer”.  This  “wetting  layer”  is  a  resultant  of  the  Stranski-Krastanow  growth 
mode  which  causes  degradation  of  the  quantum  dots.  These  defects  may  act  as  traps  and 
non-radiative  recombination  centers  for  carriers  which  can  explain  the  weaker  absorption 
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intensity  and  non-observable  luminescence  from  samples  having  larger  than  30  MLs  of 
deposited  In^,  jGa^  ^As. 


Fig.  6.  The  photoluminescence  spectra  of  quantum  dot  samples  ranging  from  15-30  MLs  of 
In^  fJa^  y4s  measured  at  77 K. 


Table  I.  Intensity  of  the  intersubband  transitions  measured  at  77 K  as  a  function  of 
integrated  area  under  the  curve.  As  the  quantum  dot  sizes  increased  (increasing  number 
of  monolayers),  the  intensity  decreased. 


Number  of  Integrated  Area  (arb.  units) 

Monolayers_ T=77K 


15 

101.02 

20 

76.40 

25 

78.43 

30 

30.70 

40 

24.83 

45 

25.10 

50 

14.51 

In  conclusion,  by  varying  the  quantum  dot  size  alone  we  were  able  to  “tune”  the 
peak  wavelength  towards  the  far  IR.  Quantum  dots  grown  with  sizes  less  than  15 
monolayers  did  not  show  any  observable  intersubband  transitions.  This  suggests  that 
there  exist  a  critical  lower  limit  for  quantum  confinement.  As  the  quantum  dot  sizes 
increased  up  to  50  monolayers,  the  observed  intersubband  transitions  showed  significant 
decrease  in  the  intensity  implying  that  it  is  the  upper  limit  that  yields  observable 
measurements.  Despite  the  decreased  intersubband  intensity,  these  results  are  promising 
as  there  are  other  design  parameters  that  could  be  adjusted  to  enhance  the  signal  or 
advance  the  peak  wavelengths  beyond  14  pm.  These  include  varying  growth  conditions. 
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changing  doping  levels  in  the  quantum  dots,  increasing  the  uniformity  of  quantum  dot 
sizes  and  modifying  structure  designs. 

4.  Intersubband  transitions  in  proton  irradiated  InGaAs/GaAs  multiple  quantum 
dots 

This  section  is  focused  on  the  proton  irradiation  effect  on  3  MeV  proton 
irradiation  effect  on  the  optical  absorbance  properties  of  the  intersubband  transitions  in 
Ino.sGao.TAs/GaAs  multiple  quantum  dots  grown  on  semi-insulating  (001)  GaAs 
substrate.  The  intensities  of  the  absorbance  spectra  were  investigated  as  a  function  of 
irradiation  dose.  Post-irradiation  thermal  annealing  was  performed  on  a  sample  in  which 
the  intersubband  transition  was  completely  depleted  when  the  sample  was  subject  to  an 
irradiation  dose  of  5x10'“*  cm'^.  Unlike  the  thermal  recovery  of  the  intersubband 
transition  reported  for  multiple  quantum  wells,  thermal  annealing  recovery  of  the 
depleted  intersubband  transitions  in  the  multiple  quantum  dots  was  not  observed.  The 
intensity  of  the  intersubband  transition  in  the  quantum  dots  as  a  function  of  irradiation 
dose  is  compared  to  those  observed  in  proton  irradiated  GaAs/Alo.sGaojAs  and 
lno.52Gao.48As/Ino.52Alo.48As  multiple  quantum  wells. 

A  30-period  Ino.3Gao.7As/GaAs  multiple  quantum  dots  wafer  was  grown  by  a 
molecular  beam  epitaxy  (MBE)  technique  on  a  semi-insulating  (001)  GaAs  substrate.  The 
growth  was  monitored  by  an  in-situ  reflection  high-energy  electron  diffraction  (RHEED) 
instrument.  The  deposited  number  of  monolayers  of  the  Ino.3Gao.7As  is  25.  The  transition 
from  a  layer-by-layer  growth  mode  to  three-dimensional  islanding  occurs  at  10 
monolayers  of  Ino.3Gao.7As  as  judged  from  the  point  at  which  the  RHEED  patterns 
transformed  from  being  streaky  to  being  spotty.  The  Ino.3Gao.7As  quantum  dots  were 
doped  with  [Si]  ~lxl0"cm'^  in  order  to  populate  the  quantum  dots  with  electrons.  The 
density  of  the  quantum  dots  was  estimated  to  be  on  the  order  of  lO"  cm'^.  The  multiple 
quantum  well  samples  were  also  grown  by  the  MBE  technique.  The  optical  absorption 
spectra  were  recorded  using  a  BOMEM  DAS  spectrometer  in  conjunction  with  a 
continuous  flow  cryostat.  The  samples  were  cut  into  a  waveguide  geometry  with  the 
facet  being  polished  at  45°  similar  to  those  waveguides  reported  earlier.  Furnace  thermal 
annealing  was  performed  in  a  continuous  flow  of  Argon  gas  at  500  °C.  Several  samples 
cut  from  the  same  wafer  were  irradiated  with  different  doses  of  3  MeV  protons. 

The  absorbance  spectra  of  the  intersubband  transition  in  lno.3Gao.7As/GaAs 
multiple  quantum  dot  samples  were  measured  at  room  temperature  using  the  waveguide 
configuration.  The  results  are  displayed  in  Fig.  1  for  five  multiple  quantum  dot  samples 
irradiated  under  different  conditions.  The  intensity  of  the  intersubband  transition 
decreases  as  the  3  MeV  proton  dose  is  increased.  As  the  spectrum  indicates,  the 
transition  in  the  sample  irradiated  with  a  dose  of  5xl0'''cm'^  is  completely  depleted. 

The  relative  intensity  of  the  intersubband  transitions  in  the  Ino.3Gao.7As/GaAs 
multiple  quantum  dots  is  plotted  in  Fig.  2  as  a  function  of  irradiation  dose.  For  a 
comparison  reason,  the  relative  intensities  of  the  intersubband  transitions  as  a  function  of 
irradiation  dose  in  55A  Ino.52Gan.48 As/3 00 A  Ino.52Alo.48As  multiple  quantum  well  samples 
(50  period)  and  isk  GaAs/lOoA  Alo.3Gao.7As  multiple  quantum  well  samples  (50  period) 
are  shown  in  the  figure.  Protons  of  energy  1  MeV  were  used  to  irradiate  the  multiple 
quantum  well  samples.  The  1  MeV  proton  doses,  however,  were  scaled  to  those  of  the  3 
MeV  protons  used  to  irradiate  the  multiple  quantum  dot  samples  by  using  an  established 
technique  involving  the  comparison  of  each  particles  nonionizing  energy  loss.  The 
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scaling  factor  was  determined  to  be  2.65, 
which  is  the  ratio  between  the  damage 
factors  for  the  1  MeV  and  3  MeV 
protons. 

Fig.  1.  Absorbance  spectra  of  the 
intersubband  transition  in  3  MeV  proton 
irradiated  InoiGaojAs/GaAs  multiple 
quantum  dot  samples.  The  spectra  were 
obtained  at  room  temperature  after  the 
samples  were  irradiated  with  different  doses. 

It  is  clear  from  Fig.  2  that  the 
radiation  tolerance  of  lno.3Gao.7As/GaAs 
multiple  quantum  dots  is  comparable  to 
that  of  the  GaAs/Alo.sGao.TAs  multiple 

quantum  wells.  On  the  other  hand,  Ino.52Gao.48As/Ino.52Alo.48As  multiple  quantum  well 
samples  withstood  proton  irradiation  by  more  than  an  order  of  magnitude  as  compared  to 
the  multiple  quantum  dots  samples.  One  can  also  notice  that  the  relative  intensity  of  the 
intersubband  transition  in  the  multiple  quantum  dot  samples  remains  higher  than  that  of 


Wave  number  (cm  ) 


the  GaAs/Alo.3Gao.7As  multiple  quantum  well  samples  for  doses  less  than  SxlO'^cm 
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Fig.  2.  The  normalized 
integrated  area  of  the  intersubband 
transition  as  a  function  of  irradiation  dose 
obtained  for  InojGaojAs/GaAs  multiple 
quantum  dot  samples  (diamonds), 
Ino.52Gao.48As/Ino.52Alo.48As  multiple 

quantum  well  samples  (triangles)  and  a 
GaAs/Alo.jGao.yAs  multiple  quantum  well 
samples  (circles). 


Dose  (10'‘‘  cm’*) 


Thermal  annealing  recovery  of 
the  depleted  intersubband  transitions  in 
heavily  irradiated  multiple  quantum 
well  samples  was  observed.  In  the  case  of  the  Ino.3Gao.7As/GaAs  multiple  quantum  dot 
samples,  the  depleted  intersubband  transition  was  not  recovered.  Instead,  a  broad-band  in 
the  absorbance  spectrum  with  an  integrated  area  about  five  times  larger  than  that  of  the 
intersubband  transition  in  the  control  sample  (unirradiated)  is  observed  after  annealing 
the  heavily  irradiated  quantum  dot  sample  at  500  for  15  and  30  min.  The  results  are 
shown  in  Fig.  3.  Spectrum  (a)  was  obtained  for  the  quantum  dot  sample  after  it  was 
irradiated  to  a  fluence  of  5xl0‘‘^cm'^  and  before  thermal  annealing.  Spectra  (b)  and  (c) 
were  obtained  after  annealing  the  irradiated  sample  at  15  and  30  min,  respectively.  The 
broad-band,  shown  in  Fig.  3,  peaks  at  --'5.0  pm  (248  meV)  while  the  intersubband 
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transition  in  the  control  sample  peaks  at  ~10  pm  (124  meV)  giving  rise  to  a  large  energy 
blueshift,  which  is  not  a  characteristic  behavior  of  intersubband  transitions  in  quantum 
wells  and  dots. 

Another  argument  that  does  not  support  the  broad-band  as  being  an  intersubband 
transition  is  presented  in  Fig.  4.  The  spectra  plotted  in  this  figure  were  recorded  for  an 
unirradiated  multiple  quantum  dots  sample  that  was  subject  to  annealing  conditions 
similar  to  those  applied  to  the  sample  irradiated  with  5xl0'''cm'^.  Spectrum  (a)  is 
obtained  before  thermal  annealing  while  spectra  (b)  and  (c)  were  obtained  after  annealing 
the  sample  at  500  °C  for  15  and  30  min,  respectively.  The  intersubband  transition  is 

completely  depleted  after 
annealing  the  sample  for  30 
min  as  shown  in  spectrum  (c). 
The  intersubband  transition 
remains  depleted  in  the  control 
sample  upon  further  annealing 
for  45  min  at  500  °C  and  for  30 
min  at  600  °C.  On  the  other 
hand,  the  broad-band  observed 
in  the  heavily  irradiated  sample 
after  annealing,  shown  in  Fig. 
3,  was  not  affected  when  the 
annealing  temperature  was 
increased  to  600  °C.  Thus,  the 
broad-band  observed  in  spectra 
(b)  and  (c)  of  Fig.  3  is  most 
likely  related  to  irradiation- 
induced  defects. 
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Fig.  3.  Absorbance  spectra  obtained  for  a  sample  irradiated  to  a  fluence  of  5xl0^'*cm'^. 
Spectrum  (a)  was  obtained  after  irradiation  and  before  furnace  thermal  annealing,  spectrum  (b) 
was  obtained  after  irradiation  and  after  thermal  annealing  the  sample  at  500  for  15  min,  and 
spectrum  (c)  was  obtained  after  irradiation  and  after  thermal  annealing  the  sample  at  500  °C  for 
30  min. 


Fig.  4.  Thermal  annealing  effect  on 
the  absorbance  of  the  intersubband  transition 
in  the  control  sample  (unirradiated).  Spectrum 
(a)  was  obtained  before  thermal  annealing, 
spectrum  (b)  was  obtained  after  thermal 
annealing  the  sample  at  500  for  15  min,  and 
spectrum  (c)  was  obtained  after  thermal 
annealing  the  sample  at  500  for  30  min. 

The  atomic  structure  of  this  defect 
is  difficult  to  determine,  but  the  high 
annealing  temperature  suggests  that  this 
defect  cannot  be  a  vacancy  or  an  interstitial 
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defect.  It  is  most  likely  related  to  an  antisite-related  complex  defect  since  this  class  of 
defects  is  thermally  stable  at  elevated  temperatures.  Light  scattering  from  irradiation- 
induced  dislocations  is  another  possible  explanation  to  the  presence  of  the  broad  peak. 

In  conclusion,  the  optical  absorbance  of  the  intersubband  transition  in  proton 
irradiated  InGaAs/GaAs  multiple  quantum  dot  samples  is  investigated  as  a  function  of 
irradiation  dose  and  furnace  thermal  annealing.  The  intensity  of  the  intersubband 
transition  was  observed  to  decrease  as  the  dose  is  increased  and  the  transition  was 
completely  depleted  in  a  sample  irradiated  to  a  fluence  of  5x10*'*  cm'^.  The  behavior  of 
the  intersubband  transition  relative  intensity  as  a  function  or  irradiation  dose  is  similar  to 
that  of  the  intersubband  transition  observed  in  GaAs/AlGaAs  quantum  well  samples. 
Thermal  annealing  recovery  of  the  depleted  intersubband  transition  in  a  heavily  irradiated 
multiple  quantum  dots  sample  was  not  observed.  Instead,  a  broad-band  was  observed 
after  annealing  the  sample.  This  broad-band  does  not  possess  the  characteristic  of 
intersubband  transitions  in  quantum  dots  and  quantum  wells,  suggesting  that  it  may  be 
related  to  irradiation-induced  defects  or  dislocations. 

5.  Intersubband  Transitions  in  GaN/ALGai-xN  Multi  Quantum  Wells 

Intersubband  transitions  (ISTs)  in  GaN/AlxGai.xN  multiple  quantum  wells 
(MQWs)  were  investigated  using  an  optical  absorption  technique.  Several  samples  were 
grown  by  either  Molecular  Beam  Epitaxy  (MBE)  or  Metal-Organic  Chemical  Vapor 
Deposition  (MOCVD)  and  were  investigated  using  both  normal  incident  and  waveguide 
configurations.  The  waveguides  were  fabricated  by  dicing  each  sample  into  2  mm  wide 
by  5  mm  long  pieces  with  two  facets  polished  at  45  degrees  with  respect  to  the  surface 
such  that  light  propagates  across  the  sample’s  width.  Preliminary  results  indicate  that 
ISTs  are  observable  in  Si-doped  and  undoped  GaN/AlxGauxN  MQWs.  The  source  of 
these  charge  carriers  in  the  undoped  samples  are  explained  as  being  due  to  the 
spontaneous  polarization  effect  which  exists  at  the  GaN/AlxGauxN  interfaces  where  the 
GaN  surface  has  Ga-polarity.  Scanning  Electron  Microscopy  indicates  that  a  sample 
containing  what  appeared  to  be  a  large  number  of  cracks  and  or  hexagonal  voids  lacked 
the  presence  of  ISTs. 

There  has  been  much  consideration  given  to  Ill-nitride  semiconductors  in  optical 
devices  due  to  the  availability  of  direct  bandgaps  ranging  from  0.7  eV  for  InN  to  6.1  eV 
for  AIN.  The  insertion  of  the  lower  bandgap  GaN  material  between  two  layers  of  larger 
bandgap  ternary  ALGauxN  alloy  gives  rise  to  a  quantum  well  structure  whose  periodicity 
can  be  utilized  to  create  MQWs  of  AlxGa|.xN/GaN.  These  MQWs  structures  could  be 
tuned  by  varying  the  aluminum  content,  doping,  well  parameters,  and  barrier  parameters 
to  cover  a  multitude  of  wavelengths  for  detector  applications.  While  these  transitions 
have  been  well  documented,  mainly  in  AlGaAs/GaAs  quantum  structures  in  the 
subsequent  years,  there  has  been  only  recent  attention  given  to  AlxGa|.xN/GaN  MQWs 
particularly  for  the  communication  wavelength  of  1.55  pm.  Inherent  properties  of  nitride 
semiconductors  such  as  large  electron  effective  mass  (m  ~0.2-0.3mo),  large  LO  phonon 
energy  (ELo~91meV),  large  conduction  band  offsets,  and  fast  1ST  relaxation  times  (~150- 
370  fs)  make  GaN  based  nitride  semiconductors  an  ideal  contender  for  high  speed 
detectors.  Growth  related  issues  attributed  to  lattice  mismatch  of  sapphire  (Aluminum 
Oxide)  and  GaN  (w  13%)  have  continued  to  plague  the  growth  of  low  defect  density 
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materials.  Interests  in  the  notion  that  these  quantum  well  structures  could  provide  the 
next  generation  of  detectors  operating  at  the  communication  wavelength  of  1.55  pm  have 
driven  the  need  to  further  understand  the  obstacles  limiting  the  growth  of  this  material. 

In  this  sectio,  we  report  the  observation  of  ISTs  in  GaN/AIxGai.xN  MQW 
structures  grown  by  both  MOCVD  and  MBE  on  c-plane  (0001)  sapphire  substrates. 
GaN/AlxGai-xN  MQW  structures  using  an  optical  absorption  technique.  For  the 
absorption  experiments,  the  fabrication  of  waveguides  was  necessary  to  increase  the 
absorption  optical  length  of  the  photon,  since  this  configuration  enables  multiple  passes 
of  light  inside  the  sample.  Images  of  the  samples  obtained  using  Scanning  Electron 
Microscopy  (SEM)  were  inspected  to  determine  the  surface  morphology. 

The  optical  absorption  spectra  were  recorded  using  waveguide,  Brewster’s  angle, 
and  normal  incident  configurations.  However,  only  the  results  obtained  from  the 
waveguide  configuration  is  reported  in  this  paper.  The  samples  under  investigation 
consisted  of  both  Si  doped  and  undoped  GaN  wells.  Since  absorption  in  n-type  quantum 
well  structures  occurs  only  for  polarization  parallel  to  the  growth  axis  and  is  forbidden 
under  normal  incidence,  the  waveguide  configuration  is  used  to  enhance  the  absorption  of 
photons  in  the  sample  taking  advantage  of  multiple  passes  of  light.  In  preparation  for 
waveguide  measurements,  samples  were  fabricated  into  waveguides  by  cutting  a  5mm 
long  by  2mm  wide  piece  from  each  wafer.  Using  various  grades  of  lapping  material,  the 
waveguide  with  45  degree  facets  were  formed  and  polished  (see  Fig.  1)  such  that  light 
could  propagate  across  its  width. 


Fig  1  :  SEM  image  of  a  fabricated  waveguide. 


A  specially  designed  sample  holder  was  used  to  house  the  waveguide  in  the 
cryostat  during  absorption  measurements  such  that  light  could  be  incident  upon  the  45 
degree  facet.  A  Mercury  Cadmium  Telluride  detector  was  used  in  conjunction  with  a 
Potassium  Bromide  beam  splitter  to  investigate  the  intersubband  absorption  in  the  range 
of  1.43-25  pm.  The  absorption  spectra  were  recorded  at  either  300  K  or  77K  using  a 
continuous  flow  cryostat. 

Six  samples  grown  by  either  the  MBE  or  MOCVD  techniques  are  used  in  the 
present  investigation.  The  MBE  grown  samples  are  labeled  1293,  1297,  and  1300,  while 
the  MOCVD  grown  samples  are  labeled  1142,  1 144,  and  1145.  The  structures  of  these 
samples  are  presented  in  Table  1.  The  samples  were  chosen  to  show  the  variation  of  the 
results  in  diverse  sample  struetures.  While  there  was  suceessful  observation  of  ISTs  in 
several  samples,  it  was  noted  that  many  samples  do  not  possess  ISTs,  which  is  an 
indication  of  difficult  growth  conditions.  As  an  example,  the  absorbance  spectra  of  the 
1ST  obtained  for  four  samples  of  GaN/AlxGa|.xN  MQWs  recorded  at  room  temperature 
are  displayed  in  Fig.2,  The  structure  observed  at  approximately  3.4  pm  is  due  to 
absorption  from  C-H  vibrational  modes.  Variations  seen  in  Table  1  between  structures 
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Absorbance 


1293,  1297,  1300,  and  1144  give  rise  to  absorption  at  different  wavelengths.  These 
different  wavelengths,  peak  intensities,  and  spectral  line  widths  are  due  to  factors  such  as 
well  width  and  the  corresponding  position  of  these  upper  states  from  the  top  of  the 
barrier. 


Fig  2  :  Intersubband 
Transitions  observed  at  2.2, 
2.3,  2.9,  and  3.0  /.im  in  an 
MOeVD  grown  sample 
labeled  1 14,  and  MBE  grown 
samples  labeled  1297,  1293, 
and  1300.  The  well  thickness 
of  the  samples  are,  3.5,  1.0, 
1.0,  and  1.0  nm,  respectively. 


Although  measurements  were  conducted  for  all  structures  listed  in  Table  I, 
samples  1 142  and  1 145  did  not  exhibit  any  absorption  properties  (i.e.,  lack  ISTs).  The 
well  widths  shown  in  table  1  are  the  projected  thicknesses,  but  it  does  not  mean  that  the 
actual  growth  rate  yield  the  exact  thicknesses  shown  in  this  table.  The  results  in  Fig.  2, 
however  indicates  that  the  actual  growth  rate  is  quite  different  from  the  project 
thicknesses.  In  both  MBE  and  MOCVD  reactors,  the  growth  rate  appears  to  be  off 
target.  Thus,  additional  calibration  is  underway  to  pinpoint  the  growth  conditions  of  Ill- 
nitride  quantum  well  structures.  We  also  noted  that  the  intensity  of  the  1ST  does  not 
follow  the  dopant  concentration  due  to  the  fact  that  the  spontaneous  polarization  induced 
charges  play  a  major  role  in  the  density  of  the  2-dimensionaI  electron  gas  formed  in  the 
well.  The  investigation  of  this  topic  is  outside  the  scope  of  the  present  paper.  While  SEM 
provides  information  on  the  surface  morphology  of  the  MQW  structures,  this  technique 
does  allow  one  to  investigate  the  microscopic  structures  of  the  samples.  Tunneling 
electron  microscopy  is  more  appropriate  for  obtaining  information  at  the  atomic  scale. 
However,  we  attempt  to  characterize  the  surface  of  the  six  samples  investigated  here 
using  the  SEM  technique  so  as  to  observe  if  surface  morphology  played  a  limiting  role  in 
the  optical  properties  of  each  material.  Initial  efforts  were  focused  on  samples  1142, 
1144,  and  1145  since  ISTs  had  only  been  observed  in  one  of  these  MOCVD  grown 
samples  as  seen  in  Fig.2. 
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Table  I:  Layer  by  layer  description  of  each  of  the  structures. 


1142 

1144 

C.2  uni  GaX:  Si -1x10  IS 

0.2  um  GaX:  Si -1x10  IS 

lCnni.-UGaX-.'C’c.A.l 

j-  x.’^O 

10  run  .AiGaX-30®  c  M 

1 

3.5  nil)  GaX:  Si -1x10  IS 

3.5  run  GaX:  Si -1x10  IS 

1 3  niii  -AJX 

13  run  .AJX 

0.5  uiii  GaX:  Si -1x10  IS 

0.5  um  GaX’:  Si -1x10  IS 

1.2  GaX  Template 

0.5  .AiX  Template 

C-plane  (00015  Sapplure 

C-plane  :(000r:  Sappliu-e 

1145 

1293 

C.;umGaN:Si-l.'Ll0  IS 

10  run  GaX:Si -1x10  IS 

lSfuii.AJGaX-=.0»c.-U 

}  .= 

3.5  run  GaX:  Si -1x10  IS 

5.4  GaX:Si-U10  IS 

I  x50 

1 3  run  .AJX 

I0.4.-UGaX-50’c.'U 

150  nin  GaX:  Si -1x10  IS 

0.3  um  GaX:  Si -1x10  IS 

0.5  AIX  Template 

20  run  .-UX  Buffer  laver 

C-plane  :T001:  Sapplure 

C-plane  (00011  Sappliu'e 

129' 

1300 

li.A.GaX 

. 1 

13  A  GaX 

1 

f  .4  GaN:St-UiS  IS 

5  A  GaX:  Si -1x10  IS 

I- 

10  AAlGaX-65^.\l 

10  A.\lGaX-55'c.-U 

I  um  .JilGaN-fO’c  .M:  St-UlC  IS 

0.3  um  GaX 

20  run  .AJX  Buffer  laver 

20  run  .\1X  Buffer  laver 

C-plane  iTOOl^  Sapplnre 

C-plane  (00011  Sapplure 

In  the  SEM  images  seen  in  Fig  4a-c,  there  were  noticeable  defects  observed  in  the 
samples  1 142  (Fig  4a)  and  1 145  (Fig  4c),  which  were  both  lacking  1ST.  Consequently, 
sample  1 144  (Fig  4b)  visibly  appeared  to  have  fewer  defects  in  its  surface  and  exhibited 
ISTs.  Through  close  observation  of  samples  1142  (Fig  4a)  and  1145  (Fig  4c)  visible 
defects  and  hexagonal  voids  are  present  respectively  in  each  material’s  surface.  Bases  on 
the  observation  of  the  intersubband  transitions  and  the  SEM  images,  we  conclude  that  the 
quality  of  the  surface  morphology  is  not  a  good  indication  whether  an  1ST  is  present  in 
the  sample  or  not.  Again,  the  SEM  technique  dos  not  provide  useful  information  about 
the  atomic  structure  of  the  quantum  wells.  At  best,  it  provides  useful  information  about 
cracks  and  gross  defects,  these  may  not  necessary  deplete  the  intersubband  transitions 

Optical  absorption  measurements  below  the  bandgap  enabled  the  determination  of 
thin  film  thickness,  since  interference  patterns  are  easily  observed  when  the  thin  film 
uniformity  is  high.  To  make  these  measurements,  a  well  developed  technique  discovered 
by  Fabry  and  Perot  was  utilized  [20].  By  making  use  of  the  interference  pattern  (or 
fringes)  produced  by  the  transmission  of  light  through  two  partly  reflecting  surfaces,  one 
may  determine  thicknesses  of  the  thin  film  in  question.  In  this  case,  there  is  a  thin  film 
(active  area)  on  the  surface  of  a  sapphire  substrate.  Both  the  thin  film  and  substrate  layer 
will  transmit  some  amount  of  light,  with  the  total  transmission  being  attributed  to  both 
the  active  layer  and  substrate  layer.  The  phase,  dependent  upon  the  optical  path  length, 
of  the  transmitted  light  from  both  the  thin  film  and  the  substrate  determine  whether  these 
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transmissions  will  add  constructively  or  destructively,  i.e.,  resulting  in  an  interference 
pattern.  With  the  refractive  index  and  angle  of  incidence  being  known,  the  interference 
pattern  observed  facilitated  the  measurement  of  thin  film  thickness  using  the  following 
relation: 


d  = 


N 


Incosd 

V 


A, 


(1) 


Figure  4:  a)  SEM  image  of  sample  1142 
with  surface  defects,  b)  SEM  image  of  1144 
showing  reduced  defects,  c)  SEM  image  of 
sample  1145  with  hexagonal  voids,  d)  SEM 
image  of  sample  1297  with  surface  defects 
e)  SEM  image  of  sample  1293  with  surface 
defects,  f)  SEM  image  of  1300  with 
surface  defects.  It  may  be  noted  that  in  fig 
4d-f  it  was  not  possible  to  significantly 
resolve  the  surface  to  achieve  similar  zoom 
factors  as  seen  in  fig  4a-c. 


Where  d  is  the  thickness  of  the  sample, 
N  is  the  number  of  fringes  between  X,| 
and  ^2,  n  is  the  refractive  index  of  GaN  (2.2),  0  is  the  angle  of  incidence  (zero  degrees  at 
normal).  While  it  was  possible  to  measure  the  overall  thickness  of  the  active  layer  in 
each  structure,  measurements  of  each  individual  epitaxial  layer  was  not  possible  without 
the  aide  of  a  Transmission  Electron  Microscope  (TEM).  Due  to  the  availability  and 
preparation  time  required  for  these  measurements,  data  collection  is  in  progress  and  is  not 
available  in  full  at  this  time. 

In  the  case  of  MBE  growth,  due  to  the  limitations  of  the  system,  there  were 
doubts  that  control  of  AlGaN  growth  was  as  predictable  as  needed.  In  the  MBE  system, 
control  of  the  aluminum  (Al)  composition  was  controlled  by  adjusting  the  A1  flux  in  the 
system.  With  requirements  of  higher  aluminum  compositions  in  some  of  the  samples, 
higher  temperatures  were  needed  to  get  a  large  enough  flux  in  the  system.  However  the 
Al  cell  could  not  be  raised  to  the  necessary  temperatures  without  damaging  the  cell  itself 
To  overcome  this  obstacle,  RF  Nitrogen  pressure  was  reduced  to  decrease  the  growth 
rate,  thereby  increasing  Al  composition.  This  solution  proved  helpful  but  also  presented 
problems  due  to  the  instability  of  the  RF  N  at  such  low  pressures.  Due  to  operating  the 
system  at  the  edge  of  normal  operation,  these  factors  have  proven  to  be  a  hindrance  in 
growth  rate  control  and  have  introduced  a  noticeable  amount  of  error  in  growth. 
Consequently,  since  the  growth  rate  was  reduced  to  some  60-80  nm  per  hour,  the 
calibration  of  the  system  also  proved  tedious  and  is  believed  to  introduce  some 
inconsistencies  due  to  this  reduced/  unstable  growth  rate. 
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The  presence  of  intersubband  absorption  in  these  structures  has  provided  much 
insight  into  this  phenomenon  and  has  raised  many  questions  about  the  causes  limiting  the 
optical  properties  of  these  materials.  While  there  appears  to  be  little  correlation  between 
surface  morphology  and  the  presence  of  ISTs,  there  may  also  prove  to  be  other 
compromising  factors  limiting  the  optical  properties  of  these  materials.  While  additional 
tests  such  as  thickness  and  bandgap  measurements  were  useful  in  characterizing  growth 
parameters,  they  do  not  offer  supportive  evidence  of  what  may  be  limiting  the  optical 
properties  of  these  materials.  It  is  believed  that  other  measurements  outside  the  scope  of 
this  study  may  prove  to  be  more  useful  in  determining  the  unreliable  optical  properties 
encountered  in  these  samples.  Future  plans  are  to  further  explain  inconsistencies  of  the 
observed  results  through  additional  measurements  such  as  TEM  and  X-ray  satellite  valley 
measurements.  Nonetheless,  while  the  data  has  proven  that  the  presence  of  ISTs  is 
considerably  more  complex  than  these  mere  morphological  studies,  the  available  data  has 
given  more  direction  in  where  future  efforts  must  be  focused  to  provide  more  compelling 
results.  The  overall  goal  is  that  continued  research  of  this  material  will  give  a 
contributory  understanding  of  what  effects  are  limiting  the  optical  properties  of  these 
materials  so  that  the  future  of  these  materials  may  be  fully  realized. 

6.  Determination  of  the  carrier  concentration  in  InGaAsN/GaAs  single  quantum 
wells  using  Raman  scattering. 

Raman  scattering  from  longitudinal  optical  phonon-plasmon  coupled  mode  was 
observed  in  a  series  of  InGaAsN/GaAs  single-quantum-well  samples  grown  by 
metalorganic  vapor  phase  epitaxy.  The  phonon-plasmon  mode  spectra  were  fitted  with 
the  dielectric  constant  function  based  on  Drude  model  that  contains  contributions  from 
both  lattice  vibrations  and  conduction  electrons.  The  carrier  concentration  is  calculated 
directly  from  the  plasmon  frequency,  which  is  obtained  from  the  fitting  procedure.  An 
empirical  expression  for  the  electron  concentration,  [n],  in  InGaAsN/GaAs  samples  is 
determined  as  [n]  ~  {2.35xl0'^((Om  -  502)}cm'^,  where  (Om  is  the  peak  of  the  upper 
frequency  branch,  L+,  of  the  phonon-plasmon  mode  measured  in  unit  of  cm''.  The 
phonon-plasmon  coupled  mode  was  also  investigated  in  rapid  thermally  annealed 
samples. 

Dilute  nitride  materials  such  as  InGaAsN  have  been  the  subject  of  intense 
investigation  for  their  applications  in  multijunction  photovoltaic  and  optoelectronic 
devices  operating  at  1.3  and  1.5  pm.  This  is  due,  in  part,  to  the  large  bandgap  bowing 
factor  resulting  from  nitrogen  incorporation  in  the  material.  For  example,  the  addition  of 
2%  nitrogen  causes  the  bandgap  to  decrease  by  about  0.4eV.  The  ability  to  vary  the 
bandgap  of  the  alloy  material  in  a  wide  range  by  optimizing  the  nitrogen  content  provides 
means  to  tailor  the  material  properties  for  the  desired  device  applications. 

The  determination  of  the  conduction  electrons  concentration  in  diluted  nitrides  is 
very  important  for  device  fabrication.  Hall  effect  is  typically  the  method  used  for 
measuring  the  carrier  concentration  in  semiconductors,  which  requires  the  fabrication  of 
ohmic  contacts.  It  is  possible,  however,  to  determine  the  carrier  concentration  in  polar 
semiconductor  materials  using  Raman  scattering  without  the  need  of  ohmic  contacts. 
This  is  because  the  collective  oscillation  (plasmon)  of  free  carriers  can  interact  with  the 
longitudinal  optical  (LO)  phonons  through  the  longitudinal  electric  fields  and  form  an 
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LO-plasmon  coupled  (LOPC)  mode.  This  mode  was  first  demonstrated  in  GaAs  bulk 
material*  and  had  been  recently  reported  in  n-type  GaN  thin  films. 

The  Raman  scattering  intensity,  I(co),  is  related  to  the  dielectric  constant 
according  to  the  following  relation 


I{co)  oc  Im 


1 

e{co) 


(1) 


where  e((o)  is  the  dielectric  function  consisting  of  phonon  and  plasmon  contributions  and 
is  given  by 


f  (<y)  = 
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where  is  the  high  frequency  dielectric  constant  and  is  approximately  taken  as  the 


square  of  the  refractive  index  at  the  probe  laser  wavelength  used  (1064  nm),  col  is  the  LO 
phonon  frequency  (291  cm"'),  ot  is  the  TO  phonon  frequency  (268  cm''),  T  is  the  phonon 
damping  rate,  y  is  plasmon  damping  rate,  and  cOp  is  the  plasmon  frequency  given  by 
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where  n  is  the  carrier  concentration,  e  is  the  electric  charge,  is  permittivity  of  space, 

and  m*  is  the  electron  effective  mass.  Notice  that  LO  and  TO  phonon  frequency  were 
obtained  from  the  Raman  measurements  as  shown  in  Fig.  1.  These  frequencies  varied 
slightly  from  sample  to  sample,  but  they  are  in  good  agreement  with  the  frequencies 
reported  for  InGaAsN.  Furthermore,  the  measured  phonon  frequencies  are  slightly 
smaller  than  those  reported  for  bulk  GaAs  materials.  The  LOPC  mode  splits  into  two 
modes  known  as  L+  and  L_  branches.  These  two  branches  are  approximately  obtained  by 
setting  r  =  Y  =  0  and  solve  Eq.  (2)  iox€{co)  =  0,  which  yields 
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The  GaAs/InGaAsN/GaAs  single  quantum  well  samples  were  grown  by 
atmospheric-pressure  metalorganic  vapor  phase  epitaxy  at  570  °C  on  semi-insulating 
GaAs  oriented  2  degrees  from  (100)  to  (110).  A  typical  size  of  the  substrate  is  1cm  x 
2cm.  Trimethylgallium,  trimethylindium,  arsine,  and  dimethylhydrazine  (DMH)  were 
used  as  precursors.  The  growth  rate  was  5  microns/h  for  the  InGaAsN  active  layers.  The 
N  content  was  changed  for  the  various  samples  by  varying  the  DMH  source  flow  rate  and 
the  In  mole  fraction  was  approximately  7%  for  all  samples.  The  InGaAsN  active  layers 
were  100  A  thick,  and  were  clad  on  both  sides  by  n-type  GaAs  doped  with  silicon  from 
disilane  precursor  with  doping  level  on  the  order  of  mid  10'*cm’*.  The  cladding  layers 
various  in  thickness  Several  of  these  samples  were  used  in  a  previous  photoluminescence 
study'^  where  the  indium  and  the  nitrogen  contents  were  reported.  The  Raman  scattering 
spectra  were  recorded  at  room  temperature  using  a  Fourier-transform  spectrometer  in 
conjunction  with  a  YAG  laser  and  an  optics  transfer  attachment. 
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A  typical  Raman  scattering  spectrum  of  LOPC  mode  in  InGaAs/GaAs  single 
quantum  well  is  shown  in  Fig.  1  as  the  gray  spectrum.  This  spectrum  was  fitted  with  Eq. 
( 1 )  and  the  result  is  shown  as  the  thin  black  line.  The  fitting  procedure  reveals  both  L+ 
and  L_ .  The  L_  region  along  with  the  LO  and  TO  phonon  modes  are  replotted  in  the  figure 
inset  for  clarity.  The  plasma  frequency,  (Op,  was  used  as  one  of  the  fitting  parameters.  The 
fitting  procedure,  illustrated  in  Fig.  1,  was  repeated  for  several  samples,  from  which  L+ 
and  cOp  were  obtained.  The  frequency  maximum  of  L+  branch  was  obtained  for  the 
samples  and  plotted  as  a  function  of  the  plasmon  frequency,  as  shown  in  Fig.  2.  Equation 
(4)  is  also  plotted  in  this  figure  (solid  lines)  along  with  the  LO  and  TO  phonon  modes 

(dashed  lines). 


Fig.  1.  A  Raman  scattering  spectrum 
obtained  for  an  InGaAsN/GaAs  single 
quantum  well  sample  (gray  line).  The 
spectrum  shows  the  LO,  TO  and  the  L+  branch 
of  the  LOPC  mode.  The  solid  black  line  is  the 
result  of  the  fitting  analysis  using  Eq.  (1), 
which  shows  both  the  Z.+  and  L_  branched  of 
the  LOPC  mode.  The  inset  is  the  expansion  of 
the  spectral  region  in  the  vicinity  of  LO  and 
TO  phonon  modes. 

The  carrier  concentration,  [n],  is 
calculated  from  the  plasmon  frequency 
according  to  Eq.  (3)  for  several  samples.  The  frequency  maximum,  cOm,  of  the  LOPC 
mode  upper  branch  is  plotted  as  a  function  of  the  carrier  concentration,  as  shown  in  Fig. 
3.  The  solid  line  is  the  result  of  the  linear  fit  of  the  data  from  which  the  following 
expression  is  obtained:  [n]=2.35xl0'^({On,  -502)  cm'^.  This  expression  can  be  used  to 
obtain  the  carrier  concentration  directly  from  the  peak  of  L+  mode,  which  is  measured 
directly  by  Raman  scattering  in  unit  of  cm"',  as  shown  in  Fig.  1. 

By  measuring  over  30  samples.  The  LOPC  mode 
is  mostly  observed  in  InGaAsN/GaAs  single 
quantum  well  samples.  It  is  seldom  that  this 
mode  is  observed  in  doped  InGaAsN/GaAs  single 
heterojunction,  i.e.  silicon-doped  InGaAsN  layer 
grown  on  semi-insulating  GaAs  substrate  with  an 
n-type  GaAs  buffer  layer.  Thus,  we  believe  that 
the  LOPC  mode  is  generated  in  the  InGaAsN 
single  quantum  well,  where  the  two-dimensional 
electron  gas  in  the  well  is  generated  from  the  Si- 

0.0  5.0X10-  1.0X10'  ^  1.5X10'  2.oxio'  claddiog  layers. 

C0p(cm  ) 


Fig.  2.  A  plot  of  the  L+  mode  as  a  function  of  the  plasmon  frequency  for  a  series  of 
InGaAsN/GaAs  single  quantum  well  samples  (solid  squares).  The  plasmon  frequency,  cOp,  was 
obtained  from  fitting  the  LOPC  mode  in  the  samples.  The  solid  lines  are  plots  of  Ly  and  L_  given 
by  Eq.  (4).  The  dashed  lines  represent  the  LO  and  TO  phonon  frequencies. 
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The  carrier  concentration  in  the  solar  cell  active  region  is  very  important.  One  of 
the  potential  applications  of  diluted  nitride  materials,  such  as  InGaAsN,  is  their  use  in 
multijunction  solar  cells.  Therefore,  the  determination  of  the  carrier  concentration  in  this 
class  of  material  is  needed.  In  case  of  InGaAsN  single  quantum  wells,  the  Hall  effect 
measurements  are  very  difficult  to  obtain  since  this  technique  cannot  distinguish  between 
various  layers  in  the  structure.  On  the  other  hand,  Raman  scattering  from  phonon- 
plasmon  mode  is  very  convenient  method  of  determining  the  carrier  concentration  as 
described  above.  Additionally,  micro-Raman  is  becoming  a  routine  technique  in 
determining  the  distribution  of  carrier  concentrations  in  epitaxially  grown  layers.  Hence, 
the  results  reported  in  Figs.  1-3  present  a  straight  forward  method  of  determining  the 
carrier  concentration  in  InGaAsN  layers  without  the  need  of  fabricating  ohmic  contacts. 

Fig.  3.  The  frequency  maximum,  cOm,  of 
L+  branch  as  a  function  of  the  carrier 
concentration  obtained  from  the  data  in  Fig.  2. 
The  solid  line  is  a  first  order  linear  fit  of  the 
data. 

Another  test  of  the  LOPC  mode  in 
InGaAsN/GaAs  single  quantum  well  samples  is 
the  thermal  annealing.  Both  furnace  annealing 
and  rapid  thermal  annealing  (RTA)  have  a 
drastic  effect  on  the  carrier  concentration  in 
semiconductor  including  diluted  nitrides.  Several  InGaAsN/GaAs  single  quantum  well 
samples  were  annealed  using  an  RTA  set-up.  A  typical  result  of  the  RTA  effect  on  the 
LOPC  mode  is  shown  in  Fig.  4,  where  the  Raman  scattering  spectra  (gray  lines)  are 
recorded  for  two  pieces  cut  from  the  same  wafer,  of  which  one  was  annealed  at  900  °C 
for  30  s  and  the  other  was  unannealed.  It  is  clear  from  this  figure  that  a  large  blue-shift 
is  observed  for  the  LOPC  mode  in  the  annealed  sample.  This  behavior  is  observed  in  all 
annealed  samples.  Both  spectra  were  fitted  using  Eq.  (1)  and  the  fitted  lines  are 
displayed  as  the  thin  black  lines.  The  plasmon  frequencies  obtained  from  the  fitting 
procedure  are  1053  cm"'  and  2054  cm’'  for  the 
unannealed  and  annealed  samples,  respectively, 
with  accuracy  less  than  0.5%  as  obtained  from 
the  fitting  results.  The  corresponding  carrier 
concentrations  are  l.OxlO'^cm’^  for  the 
unannealed  sample  and  3.9xl0'’cm’^  for  the 
annealed  sample,  an  increase  of  a  factor  of  3.9. 

Fig.  4.  Rapid  thermal  annealing  effect  on  the 
LOPC  mode  in  InGaAsN/GaAs  single  quantum  well. 

The  gray  lines  represent  the  Raman  scattering 
spectra  obtained  for  unannealed  and  annealed 
samples  cut  from  the  same  wafer.  The  thin  black 
lines  represent  the  results  of  the  fitting  analysis. 
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A  plausible  explanation  of  the  increase  of  the  carrier  concentration  in  the  annealed 
sample  is  that  many  of  the  defects,  imperfections,  and  traps  in  the  structure  are  annealed 
out  releasing  the  electrons  to  the  conduction  band.  It  is  obvious  that  the  increase  of  the 
carrier  concentration  causes  the  blue-shift  of  the  LOPC  mode,  which  is  demonstrated 
experimentally  in  Fig.  4. 

It  is  noted  that  the  full  width  at  half  maximum  of  the  spectrum  obtained  for  the 
annealed  sample  in  Fig.  4  is  larger  than  that  of  the  unannealed  sample.  This  is  translated 
into  a  larger  plasmon  damping  rate,  y,  which  is  also  used  in  the  fitting  analysis.  The  y 
values  obtained  for  the  Raman  spectra  in  Fig.  4  are  634  and  1549  cm''  before  and  after 
annealing,  respectively,  with  accuracy  less  than  0.5%  as  obtained  from  fitting  results. 
The  plasmon  damping  rate  is  related  to  the  carrier  drift  mobility,  p,  through  the  following 
relation:  p  =e/(m*y).  Thus,  the  carrier  mobility  in  the  annealed  sample  is  about  a  factor 
2.44  smaller  than  that  of  the  unannealed  sample. 

One  possible  explanation  of  the  reduction  of  the  mobility  is  the  electron-electron 
scattering,  which  is  significant  for  systems  with  carrier  concentration  larger  than  10'*cm'^ 
The  electron-electron  scattering  increases  as  the  electron  concentration  is  increased. 
Hence,  the  carrier  drift  mobility  decreases  as  the  electron-electron  scattering  is  increased. 
The  drift  mobility  values  estimated  from  the  plasmon  damping  rate  are  ~220cm  .V  .s' 
and  ~90cm^.V''.s''  for  the  unannealed  and  annealed  samples,  respectively.  While  the 
above  explanation  is  a  plausible  reason,  there  are  other  scattering  mechanisms  that  may 
affect  the  mobility. 

These  mobility  values  are  in  good  agreement  with  those  reported  by  Young  et 
al}‘^  The  electron  effective  mass  was  chosen  as  0.067mo,  which  is  the  effective  mass  in 
the  bulk  GaAs  material,  in  our  estimation  of  the  carrier  concentration  [see  Eq.  (3)]  and 
the  drift  mobility.  For  InGaAsN  material,  the  effective  mass  is  still  surrounded  by 
controversy.  Recent  reports  show  that  the  electron  effective  mass  is  ranging  between 
~(0. 1  -  0.5)mo,  while  other  reports  indicate  that  the  electron  effective  mass  is  in  the  range 
of  ~(0.004  -  0. 1 1  )mo.  Thus,  our  choice  of  m*  is  in  agreement  with  the  latter  range. 

In  conclusion,  the  Raman  scattering  from  longitudinal  optical  phonon  -  plasmon 
coupled  mode  is  investigated  in  a  series  of  InGaAsN/GaAs  single  quantum  well  samples. 
A  Drude  based  dielectric  constant,  which  contains  contribution  from  lattice  vibrations 
and  plasmon,  is  used  for  the  line-shape  fitting  analysis  of  Raman  spectra.  The  plasmon 
frequency  was  extracted  from  the  analysis  and  used  to  calculate  the  electron 
concentrations  in  the  samples.  An  empirical  expression  for  the  carrier  concentration  as  a 
function  of  the  frequency  maximum  of  the  LOPC  coupled  mode  upper  branch  is 
obtained,  which  allows  one  to  directly  estimate  the  carrier  concentration  from  the  Raman 
scattering  spectra.  Rapid  thermal  annealing  reveals  a  significant  increase  in  the  LOPC 
mode  frequency,  which  is  translated  to  a  significant  increase  in  the  carrier  concentration 
in  the  annealed  samples.  The  increase  of  the  carrier  concentration  in  the  annealed 
samples  is  accompanied  by  an  increase  in  the  plasmon  damping  rate,  which  leads  to  a 
decrease  in  the  carrier  drift  mobility. 

7.  Longitudinal  Modes  in  InAIGaAs/AIGaAs  High-Power  Laser  Diodes; 

The  emission  from  bias  voltage  driven  Ino.06Alo.08Gao.86As/Alo.3Gao.7As  edge- 
emitting  diode  lasers  with  cavity  lengths  of  0.6  and  0.9  mm  was  measured  at  290  K  using 
a  high  resolution  Fourier-transform  infrared  spectrometer.  The  light-current  (L-I) 
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characteristic  curves  showed  that  a  threshold  current  of  ~  0.5  and  0.8  A  was  needed  to 
reach  the  stimulated  emission  in  laser  diodes  with  cavity  lengths  of  0.6  and  0.9  mm, 
respectively.  The  laser  diode  longitudinal  modes  were  observed  in  the  stimulated 
emission  spectrum  for  each  of  the  devices.  These  spectra  enabled  us  to  calculate  the 
refractive  index,  total  loss,  and  gain  of  the  active  region.  On  the  other  hand,  the  cavity 
length  was  determined  by  utilizing  the  interferogram  spectrum,  longitudinal  modes 
spacing,  and  direct  measurements  of  the  laser  dimensions.  A  good  agreement  between 
the  cavity  length  values  obtained  from  the  three  methods  was  achieved. 

High-power  laser  diodes  currently  serve  as  efficient  optical  pumps  for  solid-state 
lasers  and  become  more  important  as  direct  toots  for  material  processing,  including 
soldering  and  welding  of  metals.  The  characterization  of  lasers  is  a  research  topic  of 
ongoing  relevance  and  importance,  which  has  played  a  major  role  in  the  development  of 
new  laser  materials  and  the  design  of  laser  structures.  High  efficiency  lasers  in  the 
infrared  range  are  an  essential  part  in  developing  high-power  laser  diodes. 

One  feature  of  laser  diodes  is  the  longitudinal  mode  distribution.  It  has  been 
observed  previously  that  the  laser  emission  spectra  have  periodic  spaced  intervals.  In  this 
paper,  we  report  on  the  measurements  of  the  longitudinal  modes  of  the  edge-emitting 
InAlGaAs/AlGaAs  single  quantum  well  laser  diodes.  By  measuring  the  actual  length  of 
the  laser  diode  using  a  micrometer  and  by  measuring  the  separations  between  the 
longitudinal  modes,  we  obtained  the  refractive  index  of  the  laser  active  region.  In 
addition  to  the  direct  measurements  of  the  laser  diode  dimensions,  the  laser  cavity  length 
was  obtained  directly  by  measuring  the  spacing  between  the  peaks  observed  in  the 
interferogram  spectrum.  The  overall  cavity  loss  factor  was  obtained  from  the  full  width 
at  half  maximum  of  the  longitudinal  modes  peaks. 

The  devices  that  were  characterized  are  based  on  an  Ino.o6Alo.o8Gao.86As/ 
Alo.3Gao.7As  single  quantum  well  (SQW),  which  have  been  grown  by  metalorganic  vapor 
deposition  on  «-type  GaAs  substrates.  The  devices  consist  of  an  array  of  twenty  4  pm 
wide  stripes  which  were  fabricated  on  the  p-type  side  of  the  laser  diode.  The  lasers  were 
then  packaged  by  mounting  the  p-type  side  down  on  a  copper  heat  sink.  Gold  wire 
bonding  was  performed  to  complete  the  packaging  process. 

One  of  the  most  important  characteristics  of  a  laser  diode  is  the  amount  of  light  it 
emits  as  current  is  injected  into  the  device.  The  L-I  measurements  determine  the  output 
power  with  respect  to  the  input  current.  A  bias  current  ranging  from  0  to  2  A  was  applied 
to  the  laser  diodes.  Using  a  power  meter,  the  output  power  of  the  laser  emission  was 
measured  as  the  input  current  was  increased.  From  this  characterization  method  the 
threshold  current,  slope  efficiency,  and  external  quantum  efficiency  were  obtained. 

A  Bomem  DAS  Fourier-transform  spectrometer  was  used  to  determine  the 
emission  wavelength,  intensity,  and  longitudinal  modes  of  the  output  signal.  These  laser 
devices  were  enclosed  in  a  continuous  flow  cryostat  under  vacuum  maintained  at  a 
constant  temperature  of  290.0  ±  0.3  K.  These  measurements  were  taken  at  a  resolution  of 
0.1  cm  ',  where  the  input  current  was  1.1  A.  Ultimately,  with  the  use  of  these  spectra  of 
the  stimulated  emission  intensity,  the  refractive  index  of  the  laser  was  calculated.  Using 
the  interferogram  results,  periodic  peaks  within  the  spectra  of  data  points  can  be 
measured  which  correspond  to  the  cavity  length  of  the  devices.  For  comparison,  the 
cavity  lengths  of  the  0.6  and  0.9  mm  long  lasers  were  measured  using  a  digital 
micrometer  and  obtained  by  measuring  the  separation  between  the  longitudinal  modes. 
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The  output  power  of  the  laser  diodes  was  measured  as  a  function  of  the  bias 
current  and  the  results  are  shown  in  Fig.  1  for  two  devices  with  different  cavity  lengths. 
The  data  in  this  figure  illustrates  the  typical  laser  behavior  where  the  boundary  between 
the  spontaneous  and  stimulated  emissions  is  represented  by  the  threshold  current  ( /,* ). 
The  threshold  currents  for  the  0.6  and  0.9  mm  long  lasers  was  approximately  0.5  and  0.8 
A,  respectively.  The  region  between  the  threshold  current  and  the  maximum  output 
power  is  when  stimulated  emission  or  lasing  occurs.  By  applying  linear  fit  analysis  to 
this  region,  the  slope  efficiency  in  slope)  can  be  measured  and,  sequentially,  the  external 

quantum  efficiency  (7^^, )  can  be  calculated  according  to  the  following  expression 


(1) 


where  q  is  the  charge  of  an  electron,  Xo  is  the  emission  wavelength,  h  is  Planck’s 
constant,  c  is  the  speed  of  light,  and  Aslope  is  the  slope  efficiency.  The  emission 
wavelength,  Xo,  for  the  0.6  and  0.9  mm  long  devices  was  approximately  0.814  and  0.8097 
pm,  respectively.  From  this  equation,  the  external  quantum  efficiency  for  the  0.6  and  0.9 
mm  long  devices  was  43%  and  68%,  respectively. 

The  threshold  current  plays  an  important  role  in  the  operation  of  semiconductor 
lasers.  Above  ,  stimulated  emission  dominates  over  spontaneous  emission,  generating 
a  well  defined  peak  shown  in  Fig.  2.  It  has  been  revealed  that  at  a  high  resolution 
periodic  longitudinal  modes  can  be  measured.  The  resolution  used  to  obtain  the  spectral 
modes  was  0.1  cm''.  Longitudinal  modes  are  standing  waves  that  propagate 
perpendicularly  to  the  mirror  facets  traveling  from  one  mirror  to  another  without 
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Fig.  1.  Light  power  as  a  function  of  the  applied  bias  current  plotted  for  an 
Ino.aeAlo.osGao.sdAs/AlosGaojAs  quantum  well  laser  diode  under  continuous-wave  room 
temperature  operation  for  a  (a)  0. 6  and  (b)  0. 9  mm  long  device. 

escaping  from  the  resonator.  Figure  2  displays  a  narrow  peak  with  an  emission 
wavelength  maximum  at  approximately  0.8097  pm  by  applying  an  injection  current  of 


1.1  A. 


As  photons  travel  through  the  active  region,  losses  occur  due  to  finite  mirror 
transmission  and  absorption.  The  total  loss  within  the  cavity  is  directly  related  to  the 
efficiency  of  a  laser  diode.  Structures  that  have  lower  losses  will  have  higher 
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efficiencies.  The  finesse  is  a  measure  of  the  contrast  of  the  resonator  and  can  be  defined 
as 


F  = 


n 


0-r)’ 


(2) 


where  y  is  the  total  loss  within  the  cavity.  The  longitudinal  mode  spectral  distribution  has 
a  full  width  at  half-maximum  (zl6U/o«g)  equal  to 

nc 


LF 


(3) 


where  L  is  cavity  length.  If  the  finesse  is  calculated  using  equation  (3),  then  the  total  loss 
can  be  obtained  by  applying  equation  (2).  Since  AtOiong  varies  between  the  peaks,  average 
values  must  be  used  for  the  total  loss  and  finesse.  The  total  loss  and  finesse  for  the  0.9 
mm  long  laser  diode  was  calculated  to  be  0.72  ±  0.01  per  unit  length  and  9.51  ±  0.28, 
respectively.  The  confinement  factor  characterizes  a  portion  of  the  light  energy 
accumulated  within  the  active  layer  where  the  phototransitions  take  place  and  is 
expressed  in  the  following  relation 

T  =  2n^(nl-nl]^,  (4) 

where  ««  is  the  refractive  index  of  the  active  layer,  is  refractive  index  of  the  barrier, 
and  d  is  the  quantum  well  width.  The  refractive  index  used  for  the  active  layer  was  4.05, 
while  the  refractive  index  used  for  the  barrier  was  3.46.  The  quantum  well  width  was 
approximately  7  nm.  From  these  values,  the  confinement  factor  defined  in  equation  (4) 
was  determined  to  be  0.007.  The  gain  in  the  medium  is  the  ratio  of  the  total  loss  to  the 
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Fig.  2.  (a)  A  Stimulated  emission  spectra  for  an  Ino.ooAlo.osGaosdAs/Alo.sGaojAs  quantum  well 
laser  diode  with  a  cavity  length  of  0. 9  mm  and  (b)  an  expanded  longitudinal  mode  region  with 
spacing  of  1.34  cm'\ 


confinement  factor 

g  =  (5) 

which  was  calculated  to  be  109.74  ±  1.04  per  unit  length. 

A  laser  spectrum  is  shaped  in  accordance  with  the  gain  of  the  active  material  and 
the  oscillating  frequencies  of  the  resonator.  The  optical  waves  propagating  through  the 
laser  cavity  form  standing  waves  between  the  two  mirror  facets  of  the  laser.  The  period  of 
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oscillation  of  this  curve  is  determined  by  the  distance  L  between  the  two  mirrors.  Hence, 
a  node  must  exist  at  each  end  of  the  cavity  where  the  amplitude  of  the  wave  must  be  zero. 
The  only  way  this  can  take  place  is  for  Z.  to  be  a  multiple  of  half  wavelengths,  A/2.  This 
means  that  the  cavity  length  can  represented  by  the  ensuing  relation 


L  = 


(6) 


where  m  is  an  integer  reflecting  the  number  of  modes.  Longitudinal  modes  are  formed 
from  multiple  reflections  within  the  laser  cavity  due  to  the  two  facets  of  the  edge-emitting 
laser.  As  a  result  of  this  situation  there  can  exist  many  longitudinal  modes  in  the  cavity 
of  the  laser  diode  each  resonating  at  its  distinct  wavelength.  Thus,  the  spacing  of  the 
longitudinal  modes  is  inversely  proportional  to  the  cavity  length  and  can  be  derived  from 
equation  (6)  as 


^X  = 


2n^L’ 


(7) 


where  AX  is  the  wavelength  separation  between  the  longitudinal  modes.  The  refractive 
index  of  the  active  layer  of  the  structure  can  be  determined  from  the  above  relation. 
Knowing  the  AX  ,  Xo,  and  X  allows  one  to  obtain  the  refractive  index  ««.  A  refractive 
index  of  4.05  was  calculated  using  this  relation.  This  value  is  comparable  to  the 
refractive  index  of  3.648  for  GaAs  at  room  temperature.  As  a  result  of  the  A1  and  In 
content  in  the  active  well  region,  it  is  expected  to  have  a  slightly  higher  value  of  tia  for 
lno.o6Alo.o8Gao.86As. 

Since  the  Fourier-transform  spectrometer  applies  the  Fourier- transform  of  the 
interferogram  to  acquire  the  emission  spectra,  it  is  possible  that  the  interferogram  can  be 
utilized  to  measure  the  eavity  length.  The  interferogram  spectrum  was  shifted  so  that  the 
first  data  point  was  zero  and  evenly  spaced  periodic  peaks  were  observed  corresponding 
to  the  laser  cavity  length.  The  interferogram  results  for  a  laser  diode  with  a  nominal 
cavity  length  of  0.9  mm  are  displayed  in  Fig  3. 

To  evaluate  the  accuracy  of  this  method,  the  cavity  lengths  of  various  laser 
diodes  were  determined  using  two  other  techniques.  A  microscope  with  a  digital 
micrometer  was  the  first  method  used  to  measure  the  cavity  length.  The  second 
technique  used  for  comparison  was  transforming  equation  (6)  so  that  the  difference  in  the 
angular  frequency  is  inversely  proportional  to  the  cavity  length  as  shown  below 

TIC 

—  .  (8) 

Ln„ 


The  mode  spacing  in  wavenumbers  was  obtained  from  Fig.  2  and  then  converted  in  order 
to  determine  the  mode  spacing  in  angular  frequency  ( A<y ).  Finally,  the  cavity  length  can 
be  calculated  by  using  equation  (8).  The  cavity  length  results  for  the  three  methods 
discussed  above  are  shown  in  Table  I.  As  this  table  indicates,  good  agreement  is 
obtained  for  the  cavity  length  of  six  different  devices  using  three  different  methods.  The 
errors  reported  for  the  data  are  due  to  the  variation  of  AlO. 
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Fig.  3.  The  interferogram  spectrum  from 
which  the  emission  spectrum  in  Fig.  2  is 
obtained.  The  separation  between  the  peaks 
was  found  to  be  0. 906  mm. 


Table  I.  Cavity  Length  Measurements  for  the  Different  Methods 


Micrometer  Interferogram  Equation  (8) 

Device  Measurement  Measurement  Calculation 


(mm) 

(mm) 

(mm) 

1 

0.908  ±0.001 

0.920  ±  0.009 

0.926  ±  0.009 

2 

0.909  ±0.001 

0.917  ±0.007 

0.926  ±0.011 

3 

0.909  ±0.001 

0.913  ±0.012 

0.921  ±0.014 

4 

0.908  ±0.001 

0.909  ±  0.025 

0.921  ±0.014 

5 

0.608  ±0.001 

0.584  ±  0.006 

0.596  ±  0.005 

6 

0.611  ±0.001 

0.589  ±  0.029 

0.636  ±  0.072 

In  summary,  the  external  quantum  efficiency,  refractive  index,  emission 
wavelength,  total  cavity  loss,  active  layer  gain,  and  cavity  length  were  all  determined  for 
the  high-power  Ino.o6Alo,o8Gao.86As/Alo.3Gao.7As  edge-emitting  laser  diodes.  The  external 
quantum  efficiencies  for  the  0.6  and  0.9  mm  long  laser  diodes  were  found  to  be  43%  and 
68%,  respectively.  A  refractive  index  of  approximately  4  was  calculated  for  the  active 
layer.  The  emission  wavelength  for  the  0.6  and  0.9  mm  long  devices  was  approximately 
0.814  and  0.8097  pm,  respectively.  A  good  agreement  between  the  cavity  length 
measurement  methods  was  achieved  for  laser  diodes  with  regular  periodic  spaced 
longitudinal  modes  within  the  emission  spectra.  The  purpose  of  fully  understanding  the 
characterization  methods  previously  discussed  is  that  by  manipulating  the  semiconductor 
material  and  the  cavity  length,  the  design  of  a  wide  range  of  emission  wavelengths  are 
achievable.  Thus,  these  characterization  approaches  seem  promising  for  a  wide  variety  of 
semiconductor  laser  designs. 
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